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A distinguishing feature of eukaryotic cells is the com-
partmentalization of their DNA within the nucleus. The
sequestration of the genetic material away from the
translational machinery and cytosolic proteins has at
least two obvious but important implications: First,
there must be a mechanism whereby the separate iden-
tities of the nucleus and cytosol are established and
maintained within each cell cycle. The existence of such
a mechanism was confirmed by the finding that many
karyophilic proteins have nuclear localization sequences
(NLS) (Gorlich and Mattaj 1996). NLS-bearing proteins
enter the nucleus through a process that can be subdi-
vided into at least two steps: a receptor-mediated, en-
ergy-independent docking on the cytosolic face of the
nuclear pore complex (NPC) and an energy-dependent
translocation of the docked NLS-bearing protein (sub-
strate) into the nucleus (Gorlich and Mattaj 1996). Sec-
ond, it is clear that differential access of proteins to the
nucleus may be used as an important regulatory step for
signal-transduction pathways, cell-cycle control, or de-
velopmental processes. It frequently has been found that
import of proteins into the nucleus is modulated at the
level of substrate accessibility (e.g., by posttranslational
modification or dissociation from other proteins [Nigg
1997]). It is likely that the transport machinery itself is
also regulated, although this has not yet been as clearly
demonstrated.
Recent advances in this field also have shown that the
nuclear transport machinery is highly conserved. This
conservation suggests that findings about nuclear trans-
port mechanisms and their regulation in different ex-
perimental systems may be broadly applicable to diverse
organisms, including humans. In this review, we will
briefly discuss soluble proteins involved in nuclear trans-
port, with a particular focus on Ran, a small GTPase
that is essential for transport in all eukaryotic organisms.
Because of the brevity of this review, our discussion of
transport mechanisms will not be as comprehensive as
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that presented within some excellent recent reviews
(Gorlich and Mattaj 1996; Nigg 1997; Weis 1998);
rather, we hope to emphasize some of the emerging par-
adigms for the regulation of nuclear transport in higher
eukaryotes.
Ran, Ran-Interacting Proteins, and Their Functions
Ran is a small nuclear GTPase that is very abundant
and highly conserved among species from yeast to mam-
mals (Rush et al. 1996). Both in vivo yeast genetics and
in vitro cell-biology and biochemical studies suggest that
Ran is required for active nuclear transport (Moore and
Blobel 1993; Corbett and Silver 1997; Melchior and
Gerace 1998). In permeabilized-cell nuclear import as-
says, the nuclear import of NLS-bearing substrates is
reconstituted by incubation of the permeabilized cells
with crude cytosol or purified Ran, importin a, importin
b, and NTF2 (nuclear transport factor 2) proteins. These
proteins are found in all eukaryotes, from yeast to hu-
mans, suggesting a strong cross-species conservation of
the nuclear transport machinery and mechanism.
Like other Ras family members, Ran alternates be-
tween its GDP- and GTP-bound states. Ran’s nucleotide
exchange and hydrolysis are facilitated by a nucleotide-
exchange factor called “RCC1” and aGTPase-activating
protein called “RanGAP1,” respectively. RCC1 is a
chromatin-associated nuclear protein (Dasso 1995).
There are two forms of RanGAP1 in vertebrates: an
unmodified form and a covalent conjugate with SUMO-
1, a small ubiquitin-related modifier (Saitoh et al. 1997).
Both forms stimulate GTP-Ran hydrolysis, but only the
SUMO-1–conjugated RanGAP1 is targeted to NPC, by
its association with RanBP2 (also called “Nup358”), an
NPC protein located on the cytosolic face of the pore
(Saitoh et al. 1997). The association of RanGAP1 with
RanBP2 appears to be required for protein import in
permeabilized-cell assays (Mahajan et al. 1997). Ran is
also regulated by RanBP1, a guanine nucleotide-disso-
ciation factor, and related proteins. RanBP1 is a highly
conserved cytosolic protein with both a high affinity for
GTP-bound Ran and a low affinity for GDP-bound Ran.
RanBP1 acts as a cofactor for RanGAP1, increasing the
rate of RanGAP1-mediated GTP-Ran hydrolysis by∼10-
fold (Bischoff et al. 1995). There are a number of pro-
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teins that possess domains with significant sequence ho-
mology with the Ran-binding domain of RanBP1. The
best characterized of these proteins is RanBP2 (Seki et
al. 1996). RanBP2 contains multiple docking sites for
receptor-import substrate complexes (FXFG peptide re-
peats) and four Ran-binding domains that each, indi-
vidually, act in a manner analogous to RanBP1.
Furthermore, RanBP2 associates tightly with Ubc9p, a
SUMO-1–conjugation enzyme, and SUMO-1–conju-
gated RanGAP1 (Saitoh et al. 1997). Taken together,
these properties of RanBP2 have inspired considerable
speculation that RanBP2 might act as a scaffold to co-
ordinate nucleotide hydrolysis by Ran, with nuclear
translocation of substrates that are docked on the cy-
tosolic face of the pore (Melchior and Gerace 1998).
Although this speculation is appealing, it has been ex-
perimentally difficult to prove, because the biochemical
properties of RanBP2 make it unwieldy to manipulate.
Importin a and importin b together act as a hetero-
dimeric receptor for the import of proteins bearing a
classical NLS (Gorlich and Mattaj 1996). Importin a
recognizes NLS-bearing proteins, and importin b facil-
itates their association with the NPC, by directly inter-
acting with NPC proteins with FXFG peptide motifs.
This interaction is responsible for the Ran-independent
docking of transport complexes on the cytosolic face of
the nuclear pore prior to Ran-dependent translocation.
GTP-Ran binds strongly to importin b and causes it to
dissociate from importin a, causing the release of the
imported substrates (Koepp and Silver 1996). The trans-
port of proteins with noncanonical NLS, the shuttling
of hnRNP proteins, and the export of proteins bearing
nuclear export sequences are facilitated by other proteins
related to importin b (Weis 1998; Wozniak et al. 1998).
One example is CAS, which mediates the transport of
importin a out of the nucleus after each round of NLS
protein import (Gorlich 1998). Other than importin b,
the characterized members of the importin b family ap-
pear to bind directly to their transport substrates, having
no need of any importin a–like adaptor (Weis
1998;Wozniak et al. 1998). Whereas binding of GTP-
Ran causes some members of this family to dissociate
from their transport cargo, as importin b does, others,
such as CAS, associate with cargo only when they are
bound to GTP-Ran (Gorlich 1998). NTF2, a 14.5-kD
protein, may facilitate the Ran-dependent translocation
by stabilizing the GDP-bound Ran, thereby either pro-
moting Ran’s interaction with other components of the
nuclear transport machinery or serving to maintain
transport directionality (Stewart et al. 1998).
A Possible Mechanism for Ran’s Function in Nuclear
Transport
The mechanism whereby Ran facilitates nuclear trans-
port is still poorly understood. It is also controversial
whether nucleotide hydrolysis by Ran is the sole energy-
dependent process in nuclear transport or whether other
GTPases or ATPases are required (Sweet and Gerace
1996; Weis et al. 1996). However, current knowledge
leads to several constraints on any proposedmechanism.
The exclusive localization of RCC1 in the nucleus and
of RanGAP1 in cytosol implies that Ran nucleotide
exchange and hydrolysis occur in different compart-
ments. It also predicts a steep gradient of GTP-Ran
across the nuclear envelope, such that the GTP-Ran:
GDP-Ran ratio is high in the nucleus and low in the
cytosol. Finally, the capacity of GTP-Ran to dissociate
importin a/b and NLS substrate complexes suggests that
these complexes might assemble in the cytosol but would
be unstable in the nucleus.
A number of models have been proposed for Ran-
mediated transport. One model that recently has gained
experimental support suggests that the concentration of
GTP-Ran serves both to mark the compartmental iden-
tity of the nucleus and the cytosol and to establish di-
rectionality in nuclear import and export. In this model,
the binding of transport receptors to their substrates is
regulated in different compartments by the relative con-
centrations of GTP- and GDP-Ran (Gorlich and Mattaj
1996; Gorlich 1998). Import substrates and their recep-
tors would form tight complexes in the cytosol in the
absence of GTP-Ran, but the high concentration ofGTP-
Ran in the nucleus would cause the dissociation of these
complexes. Export substrates and their receptors would
be regulated inversely by GTP-Ran. Such a scheme for
the transport of classical NLS-bearing proteins is dia-
grammed in figure 1. Recent analyses of permeabilized
cells (Kose et al. 1997; Gorlich 1998; Nakielny and
Dreyfuss 1998) and of microinjected cells (Richards et
al. 1997) have suggested that maintenance of the gra-
dient of GTP-Ran across the nuclear envelope is essential
for transport but that GTP-Ran hydrolysis is not coupled
directly to the translocation of importin b family mem-
bers. Such results support this type of model for nuclear
transport. It is important to note that this model is still
highly speculative. Our understanding of nuclear trans-
port is rapidly changing, and there are numerous pieces
of experimental evidence that are not fully explained by
any model proposed to date (e.g., our understanding of
both the biophysical events involved in the translocation
of substrates across the pore and the role of NTF2 re-
main particularly murky).
Disruption of the Ran GTPase Pathway: Analysis of
Xenopus Egg Extracts and of Mutants in Metazoans
Manipulations of the Ran GTPase pathway have in-
dicated that disregulation of nuclear transport may have
profound and sometimes unexpected consequences for
cells. The relationship of Ran to nuclear assembly and
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Figure 1 Transport model wherein Ran promotesNLS-mediated
protein import through association and dissociation of transport com-
plexes. The sequence of steps shown is as follows: 1, formation of a
heterotrimeric complex containing the transport substrate, importin
a, and importin b; 2, docking of the transport complex on the NPC;
3, translocation of the transport complex across the nuclear pore; 4,
GTP-Ran binding to importin b and dissociating the transport com-
plex; 5, GTP-Ran and importin b shuttling back to the cytosol; 6,
GTP-Ran being hydrolyzed by cytosolic RanGAP1 and RanBP1, lead-
ing to dissociation of GDP-Ran from importin b; 7, CAS andGTP-Ran
binding to importin a; 8, CAS-importin a-GTP-Ran complex shuttling
back to the cytosol; 9, GTP-Ran being hydrolyzed by cytosolic
RanGAP1 and RanBP1, leading to dissociation of the CAS-importin
a-Ran complex; 10, GDP-Ran shuttling into the nucleus; and 11,
RCC1 promoting GDP-Ran exchange with GTP, to form GTP-Ran.
This scheme is similar to that proposed by Gorlich (1998).
to the cell cycle has been studied inXenopus egg extracts
and in temperature-sensitive mutant-cell lines. The re-
sults of these studies have highlighted a requirement for
Ran in postmitotic nuclear assembly and in maintenance
of the checkpoints that prevent premature mitosis in the
presence of unreplicated DNA.
Xenopus egg extracts have been used for the study of
Ran in vitro. Nuclei assembled from chromatin tem-
plates in interphase Xenopus egg extracts are both mor-
phologically normal and functional for DNA replication
and nuclear transport (Smythe and Newport 1991). A
dominant-negative Ran mutant (RanT24N) that inhibits
RCC1’s GEF activity causes highly abnormal nuclear
assembly, blocks nuclear import, and inhibits DNA rep-
lication; this phenotype is very similar to that observed
when RCC1 is depleted from egg extracts before nuclear
assembly (Dasso 1995). These observations are consis-
tent with the conclusions, from the study of other or-
ganisms, that Ran is essential for nuclear transport and
function. Surprisingly, depletion of RanBP1 from inter-
phase egg extracts results in codepletion of RCC1, sug-
gesting that complexes containing RCC1 and RanBP1
are more stable inXenopus eggs than would be predicted
from the analysis of purified proteins (Pu and Dasso
1997). Extracts lacking both RanBP1 and RCC1 (i.e.,
codepleted extracts) sustain normal nuclear assembly,
DNA replication, and nuclear transport. Nuclear assem-
bly, DNA replication, and nuclear transport are defective
when codepleted extracts are supplemented with either
exogenous RanBP1 or RCC1, thereby generating ex-
tracts lacking only one of the two proteins. The differ-
ential capacity of distinct mutant Ran proteins to rescue
extracts lacking either RanBP1 or RCC1 suggests that
the relative levels of GTP- and GDP-Ran are critical in
this system and that treatments that might disrupt these
ratios have drastic consequences for nuclear assembly
and transport (Pu and Dasso 1997). Such findings are
generally consistent with the model discussed above.
Cycling-egg extracts made from Xenopus egg can
mimic cell-cycle transitions of the early embryo. These
extracts alternate spontaneously between interphase and
mitosis, with repeated rounds of nuclear-envelope break-
down, chromosome condensation, and activation of the
mitotic kinase cyclin B/p34cdc2. Cycling extracts respond
appropriately to some cell-cycle checkpoint stimuli and
will arrest their cell cycles if unreplicatedDNA is present.
The effects of mutant Ran proteins on the regulation of
mitosis may be probed in this system. In cycling extracts
without nuclei, RanT24N blocks cyclin B/p34cdc2 acti-
vation, indicating that Ran may regulate mitosis in a
manner independent of nuclear transport (Dasso 1995).
More-recent studies have revealed that the abundance
of RanBP1 is regulated in mouse NIH3T3 cells (Battis-
toni et al. 1997), in HeLa cells, and during Xenopus
embryo development (R. T. Pu, unpublished data). Fur-
thermore, overexpression of RanBP1 can cause both pre-
mature entry into mitosis in the presence of unreplicated
DNA in Xenopus egg extracts (R. T. Pu, unpublished
data) and disruption of mitosis in tissue-culture cells
(Battistoni et al. 1997).
Mitosis is disrupted also in tsBN2 cells, a temperature-
sensitive hamster kidney–cell line with a mutant form
of RCC1. At the restrictive temperature, loss of RCC1
results in nuclear transport defects and an inability to
pass through the G1/S cell-cycle transition (Seki et al.
1996). This cell-cycle defect may result directly or in-
directly from decreased levels of nuclear transport, al-
though the role of transport in the G1/S transition in
mammalian cells has not yet been well characterized.
More striking, however, is the fact that tsBN2 cells also
show defects in mitotic checkpoint regulation (Seki et
al. 1996): tsBN2 cells that are blocked in S phase by
treatment with hydroxyurea will enter mitosis prema-
turely at the restrictive temperature, despite incomplete
DNA replication, resulting in dramatic premature chro-
mosome condensation (PCC). This PCC is a truemitosis,
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by a number of criteria: it is accompanied by full acti-
vation of the p34cdc2/cyclin B kinase, nuclear-envelope
breakdown, and mitotic spindle formation (Seki et al.
1996). Postmitotic nuclear assembly also is disrupted
profoundly in tsBN2 cells at the restrictive temperature
(Seki et al. 1996). Taken together, these observations
argue that maintenance of the Ran GTPase pathway is
important for the correct regulation of entry into and
exit from mitosis in vertebrates. These observations also
suggest the possibility that Ran may have a dual
role—both regulating nuclear transport and indepen-
dently interacting with other mitotic effectors.
Interestingly, it recently has been demonstrated that
the Segregation Distorter (SD) gene in Drosophila me-
lanogaster is a naturally occurring tandem duplication
of RanGAP1, wherein one copy of RanGAP1 is intact
and the second lacks C-terminal sequences, including the
SUMO-1–modification site (Merrill et al. 1998). The SD
system is an example of meiotic drive: When an SD/SD
heterozygous male is crossed with an SD/SD (wild-
type) female, the SD chromosome is recovered among
the progeny, at a frequency that greatly exceeds the ex-
pected Mendelian ratio. It has been demonstrated that
this skewing of the progeny ratios results from the failure
of SD spermatids to undergo the final chromosomal
condensation and differentiation events required for the
production of mature sperm. It is currently unclear how
SD sperm are selectively prevented fromdifferentiation
under these conditions, but it is certainly attractive to
speculate that there may be some link between the phe-
nomenon and the role of Ran in cell-cycle regulation
and nuclear-envelope breakdown/reassembly in other
systems.
Possible Mechanisms for the Regulation of Nuclear
Transport
Although the mechanism of Ran-mediated nuclear
transport is still not fully understood, enough is now
known to suggest possible mechanisms whereby nuclear
transport may be regulated in vivo through alterations
in the transport machinery. Given the large and growing
family of transport receptors, differential expression of
particular receptors may help control cellular processes.
Currently, this sort of regulatory mechanism has been
best documented for importin a subtypes. Although
there is a single importin-a gene in Saccharomyces cer-
evisiae, there are at least four importin-a subtypes in
mammalian cells (Nadler et al. 1997; Miyamoto et al.
1997; Nachury et al. 1998). These subtypes all appear
to import NLS-bearing proteins but have different tissue
distributions and varying affinities for different classes
of NLS. These properties suggest that metazoans may
have evolved multiple NLS receptors in order to regulate
transport in a tissue-specific fashion. This idea is also
supported by the finding that pendulin, a D. melano-
gaster importin-a homologue, is not essential for via-
bility but that its inactivation causes transformation of
hematopoietic precursor cells (Kussel and Frasch 1995).
Interestingly, pendulin redistributes between the nucleus
and the cytosol during the cell cycle (Kussel and Frasch
1995), consistent with it promoting nuclear import in a
cell cycle–specific manner. To our knowledge, neither
differential receptor stability nor posttranslational reg-
ulation of receptor activity have been clearly demon-
strated. However, it seems likely that such regulation
will be observed as individual receptors are investigated
under a greater variety of cellular conditions.
It is also possible to imagine conditions of stress in
which it might be appropriate to globally inhibit nuclear
transport. For instance, the export of spliced mRNAs in
mammalian cells drops precipitously after heat shock.
In yeast, Ran-dependent mRNA export is rapidly inhib-
ited after heat shock, but transcripts from intronless
heat-shock protein genes are still exported in a Ran-
independent manner (Saavedra et al. 1997; Stutz et al.
1997). Under non–heat-shocked conditions, these
mRNAs are exported in a Ran-dependent manner.
Rip1p, a possible nucleoporin, is required for the export
of mRNAs after heat shock but is dispensable formRNA
export under normal growth conditions (Saavedra et al.
1997; Stutz et al. 1997). Taken together, these obser-
vations have led to the proposal that there are at least
two independently regulated RNA export pathways, one
that is dependent on Ran and independent of Rip1p and
a second that is dependent on Rip1p and independent
of Ran. Under stressed conditions, heat-shock mRNAs
might be shunted into the latter pathway to ensure their
efficient export while the Ran-dependent pathway is
nonfunctional. Interestingly, Rip1p originally was dis-
covered as a two-hybrid interactor with HIV-1 Rev (Saa-
vedra et al. 1997; Stutz et al. 1997), leading to the sug-
gestion that Rev acts to direct the export of
intron-containing viral mRNAs by directing them into
the second Ran-independent pathway (Saavedra et al.
1997; Stutz et al. 1997). The Ran GTPase pathway also
appears to be a primary target of other viruses, since the
VSV-M protein also rapidly disrupts Ran-dependent ex-
port of cellular RNAs (Her et al. 1997).
Finally, we would speculate that nuclear transport
could be globally regulated by control of the SUMO-1
conjugation of RanGAP1. This possibility is interesting
both because many SUMO-1–conjugation substrates are
not associated with the NPC (Saitoh et al. 1997) and
because changes in the overall rate of SUMO-1 modi-
fication could potentially coordinate nuclear transport
with other nuclear functions. Two of the SUMO-1–con-
jugation substrates that have been identified in verte-
brates, PML and Sp100, are not associated (Sternsdorf
et al. 1997; Muller et al. 1998). PML bodies are nuclear
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structures of unknown function that contain the PML
proto-oncoprotein and the Sp100 antigen (Doucas and
Evans 1996; Hodges et al. 1998 [in this issue]). Disrup-
tion of PML bodies is associated with cellular transfor-
mation in patients with acute promyelocytyic leukemia.
The size and number of PML bodies appear to be reg-
ulated both in the cell cycle and in response to cellular
stress (Doucas and Evans 1996). Moreover, a number
of early viral gene products are targeted to PML bodies,
resulting in their disruption (Doucas and Evans 1996).
The conjugation of SUMO-1 to PML and Sp100 cor-
relates with their association to PML bodies (Sternsdorf
et al. 1997; Muller et al. 1998). In the future, it will be
of interest to determine whether the Ran GTPase path-
way and the targeting of components to PML bodies
might be under coordinate control.
At present, the significance of all of these regulatory
mechanisms remains to be demonstrated. Clearly, the
next few years will bring us a much better understanding
of the regulation of nuclear transport pathways under
different cellular conditions, as well as a better aware-
ness of the role of nuclear transport components in viral
infection, human health, and disease.
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